Flexibility in natural gas combined cycle power plants (NGCC) with pre-combustion CO 2 capture could be introduced with co-production of hydrogen and subsequent hydrogen storage with metal hydrides (MH). The current work presents a thermodynamic analysis and comparison between steady state ASPEN Plus models of a reference case NGCC plant with no capture and H 2 storage, an NGCC plant with pre-combustion capture using gas heated -auto thermal reformer (GHR-ATR) combined with a sorption enhanced water gas shift (SEWGS) unit and a NGCC model with capture and a metal hydride (MH) based hydrogen storage unit. Results have been presented for a high temperature hydride (MgH 2 ) and a medium temperature hydride (Na 3 AlH 6 ). A net plant efficiency of about 48% was achieved for the system with only capture. Addition of hydrogen storage in this system shows that such plants can be still operated at comparable time based average efficiency of about 47% with an appropriate heat integration in the system. Operating the metal hydride at different temperatures does not reflect reduction in efficiency but a lower equilibrium temperature seems more beneficial particularly for a practical economizer in the HRSG. It is concluded that MH based hydrogen storage in NGCC plants with pre-combustion CO 2 capture is a promising option to manage fluctuations in power demand and further investigations are required particularly on heat integration, effect of H 2 purification technologies and economic assessment.
Introduction
Natural gas combined cycle plants (NGCC) with carbon dioxide (CO 2 ) capture seem to be attractive technology for near future power/fuel production owing to their relatively high efficiency, low costs, reduced GHG emissions and high reliability. Fluctuations in electricity demand and the need to increase renewable electricity production in the coming decades require research in more flexible power production technologies. Power storage options are capable to cope with the variations in net power resulting in more reliable electrical power supply and reduction in electricity costs. Different power storage systems have been developed in the last decades to handle the fluctuations in the net power demand. Hydrogen storage in metal hydrides is considered as a potential technology to be used in NGCC power plants to increase the flexibility with respect to the power demand. Storage in metal hydrides has the benefit with respect to other system like compressed/cryogenic storage in that it requires lower pressures and reduced volumes [1] . An additional advantage of using metal hydrides in such systems is the possibility of integrating the thermal effects in charging and discharging with the steam cycle resulting in a flexible system that could maintain high efficiencies of the storage system and the plant during peak and off-peak hours.
Nomenclature

ASU
The daily network power load in the Netherlands varies approximately between 50% and 100% of the peak power demand [2] . In order to meet actual load requirements the NGCC plants could operate in the mid (50%) and peak load range. NGCC plants with CO 2 capture and hydrogen storage could be a good option in this respect, also considering the emission requirements in the EU, the 20-20-20 target [3] . Hydrogen storage introduces extra flexibility in the NGCC power plant by storing hydrogen in offpeak hours and release hydrogen during peak hours to increase the power production in order to follow the daily electricity demand. Additionally, the hydrogen storage system ensures that the reformer and CO 2 capture unit can operate in base load with minimum installed capacity and at maximum efficiency resulting in less capital and operational costs. Research on large scale combined cycle systems with CO 2 capture combined with metal hydride based hydrogen storage has been limited. The major challenges in developing such systems are process design, integration and heat management due to the different nature of the metal hydride charging (exothermic) and discharging (endothermic) reactions. The current work presents a thermodynamic system analysis of such a system using ASPEN Plus steady state models. A pre-combustion capture option is chosen in order to facilitate hydrogen co-production and storage. In order to separate carbon from natural gas, the gas is first reformed into carbon monoxide (CO) and hydrogen (H 2 ) with the overall endothermic reactions:
CO then further undergoes the exothermic water gas shift (WGS) reaction to yield CO 2 and H 2 :
A high temperature shift (HTS) reactor and the novel sorption enhanced water gas shift (SEWGS) technology has been used to carry out the water gas shift reaction (R2); yielding simultaneously a high temperature H 2 rich gas and CO 2 rich gas. In order to understand the effect of capture and H 2 storage on NGCC plants, the study has been performed by developing three system models -a reference case NGCC without CO 2 capture and H 2 storage, a NGCC system model with pre-combustion capture utilizing a gas heated reformer-auto thermal reformer (GHR-ATR) and SEWGS and lastly a NGCC system with both capture and Fig.1 . shows the process scheme for the system considered in this study. Fuel and oxygen (from the ASU) is preheated and fed to the GHR-ATR. Pure O 2 is used in the reformer instead of air to prevent N 2 dilution. The air separation unit (ASU) has not been modelled in detail in this study; the power consumption of which although has been accounted for. Air for the ASU is not obtained from the gas turbine compressor and hence the system is not a fully integrated system. Steam required for the reforming reaction is extracted from the outlet of the HP turbine. The obtained syngas at the outlet of the reformer is fed to the HTS unit where part of the CO is converted to CO 2 . The obtained gas at the HTS outlet is then fed to the SEWGS reactors for complete conversion of CO to CO 2 . The CO 2 rich stream consists of mainly water which can be easily removed by dehumidification/flashing. The pure CO 2 stream is then compressed to the desired pressure and is available for storage. The heat integration between the metal hydride and a thermal fluid DOWTHERM-A as the heat transfer medium allows flexible switching between charging and discharging. Heat transfer from the thermal fluid is used to generate steam during the charging mode (exothermic) while heat is provided to the oil from the flue gases during the discharging mode (endothermic). The fluid has been reported to be stable at high operating temperatures [4] and is used for the heat transfer in this study only in its liquid phase to ensure isothermal behavior in the MH reactor
The SEWGS Cycle
The sorption enhanced water gas shift (SEWGS) technology developed at the Energy Research Center of the Netherlands (ECN) is a powerful and efficient process for simultaneously carrying out the WGS reaction and in parallel capturing CO 2 . The main advantage of the process include the high conversion of CO to H 2 by the shift reaction through the selective removal of the product CO 2 [5] . Also the process is operated entirely at high temperature yielding hot streams of CO 2 and H 2 . Hydrogen obtained at high temperature with excess steam results in higher efficiency and reduced NO x emissions [5, 6] . The SEWGS unit produces two streams: a H 2 rich gas (>70% mol H 2 ) which is sent to the gas turbine combustor or stored and a CO 2 rich gas (>95% mol CO 2 ) which is sent to the CO 2 storage unit.
In the SEWGS process, a K 2 CO 3 promoted hydrotalcite-based sorbent is used to adsorb CO 2 and also as a catalyst for the shift reaction. The temperature of operation is typically 400 o C. The SEWGS cycle is shown in Fig 2. The process utilizes 6 parallel reactors each consisting of 5 steps: feed (adsorption and shift takes place), rinse for clearing voids, depressurization, purge for sorbent regeneration and repressurization. The feed step involves feeding the reactor with syngas obtained from the pre-shift reactor to produce hydrogen. Next the reactor is rinsed with medium pressure steam to obtain syngas which is mixed with the feed. A pressure equalization step follows where the rinse gas expands through the reactor pushing the interstitial syngas to a reactor at lower pressure.In the blowdown (bd) and purge steps, CO 2 is collected. With the repressurization of the reactor with part of the hydrogen, the reactor is ready for the next cycle. Process data for SEWGS has been obtained from literature [7] . This work presents results based on data for Sorbent Beta, which is the most advanced sorbent. The next section gives modeling assumptions, approach and description of the three system models developed during this study. 
System Models: Assumptions & Description
The NGCC system models developed in this work are based on a common European reference framework as defined by the European Benchmark Task Force (EBTF) document [8] . This document defines overall performance criteria and compositions for combined cycle power plants. ASPEN Plus process modelling package has been used to develop all the system models using the Soave-Redlich-Kwong (SRK) equation of state as the thermodynamic model and ASME 1967 steam table correlations (STEAM-TA) for the steam cycle. The EBTF document [8] natural gas feed composition is shown in Table 1 . 
3.1Reference Case -NGCC without CO 2 capture and H 2 Storage
Fig 3 shows the simplified ASPEN flow sheet for the reference case NGCC system. A triple-pressure steam cycle has been used as suggested in the EBTF document. The heat recovery steam generator (HRSG) is used to generate steam at 3 pressure levels for the steam turbines (HP, MP and LP) and also to preheat the feed water exiting the condenser. It consists of 6 economizers, 3 evaporators, 3 superheaters and one reheater which are used to generate steam at 3 different pressure levels. The entire network of these heat exchangers has also been modeled and integrated with the system. The main parameters and assumptions for the components in the system model have been listed in Table 2 . Natural gas is mixed with compressed air and sent to the GT combustor. The GT combustor has been modeled using a Gibbs free energy minimization reactor model. A pressure drop of 0.5 bar and heat loss of 2 MW is assumed in the combustor. As recommended by the EBTF document, a turbine outlet temperature (TOT) of 603 o C is maintained. The gas turbine isentropic efficiency is set to obtain a net GT cycle efficiency of 39% (valid for a state-of-art F class gas turbine). Air flow is calculated to achieve the desired TOT. Where T GT and T c are the TOT and the condenser temperature respectively. The flow rate of HP/MP/LP steam has been calculated to achieve a fixed pinch temperature of 10 o C in the corresponding evaporators. Pressure losses have not been taken into account in the HRSG considering the nature of this study but will be considered in future work. 
NGCC with CO 2 capture -using GHR-ATR and SEWGS
As the second step, a model has been developed for a NGCC plant with capture using a combined gas heated reformer-auto thermal reformer (GHR-ATR) and SEWGS technology. Additional components in this model include the GHR-ATR unit, high temperature shift (HTS) unit, SEWGS unit and the CO 2 compression unit. The main component assumptions for this model are tabulated in Table 3 . The GHR-ATR is a heat exchanger type of a reactor where the heat from the outlet of the ATR is used to carry out some pre-reforming in the GHR [9, 10] . Preheated natural gas and steam from the HP turbine enter the Gibbs free energy minimization reactor (GHR). The pre-reformed gas is then sent to the ATR where pure O 2 from the ASU is fed to complete the reforming reaction/partial oxidation. The reformer operates at a high pressure of 25 bar [11, 12] . The flow rate of O 2 to the ATR unit is calculated to achieve an equilibrium temperature of 1050 o C [10] . The steam flow required for reforming is calculated from the steam-to-carbon ratio for the ATR which is assumed to be 2.5 [10] . The reformed gas from the GHR-ATR is 
GT Air Compressor Condenser
T T T
then cooled down to around 310 o C and fed to the HTS reactor. The gas obtained from the HTS reactor is cooled down to 400 o C and sent to the SEWGS unit. Heat produced during the cooling processes is integrated with the HRSG and partly is used to preheat steam for the SEWGS unit. Fig 4. shows the ASPEN Plus flowsheet for the SEWGS unit. A stoichiometric reactor (SEWGS) is used to carry out the WGS reaction with 95% conversion. A simple separator (SEWGSSEP) is used to separate the CO 2 from the H 2 rich gas. The split fraction for the separator has been defined in order to achieve a carbon capture ratio (CCR) of 95%. CO 2 rich gas is mixed with rinse (high pressure) and purge (low pressure) steam. Rinse and purge steam for the SEWGS unit is obtained from the HP steam turbine outlet. The flow rates for these streams is calculated using the S/C ratio for rinse and purge (see Table 3 ). The ratios have been obtained from modeling and experimental data as reported in literature [13] . The H 2 rich gas and the CO 2 rich gas are passed through a heat exchanger to obtain homogeneity in temperatures at the outlet. The H 2 rich gas is sent to the GT combustor; the CO 2 rich gas is cooled down by preheating the natural gas fuel and also O 2 for the GHR-ATR. The cooled CO 2 rich gas is sent to the CO 2 unit for further separation and compression.
The CO 2 unit has been modeled based on the specifications provided in the EBTF. The CO 2 rich gas is cooled and water is flashed out. Pure CO 2 is then passed through a three stage compression process with intercooling. The intercooling temperature for all the 3 stages has been taken as 28 o C. The CO 2 purity is increased by separating additional water during the compression process. The final pressure of the CO 2 stream after the compression process is fixed at 80 bar. A pump is then used to pump the dense CO 2 at the final delivery pressure of 110 bar. 
Gas from HTS
NGCC with CO 2 capture and H 2 storage -using metal hydrides
Numerous metal hydrides exist with varying thermodynamic properties. The selection of hydrides for this study was based on the operating pressure and temperature range in the system, the required hydrogen concentration and cyclability. Assumptions are taken in order to simplify the non-ideal metal hydride behavior in a real practical reactor. Following assumptions are made for the metal hydride operation --Full conversion of metal to metal hydride in an isothermal reactor.
-A daily cycle of 12 hours charging and 12 hours discharging.
-A constant pressure drop of 3 bar in the reactor bed and no hysteresis.
-No heat losses through the reactor wall and ideal heat transfer between the thermal fluid and metal hydride
In order to understand the implications in different temperature ranges, models were developed for a high temperature hydride and a medium temperature hydride. Based on the above mentioned criteria, MgH 2 was selected for the high temperature range while Na 3 AlH 6 was selected for the medium temperature range. The charging and discharging reactions for these hydrides are: Table 4 . Properties, pressure and temperature-selected metal hydrides [14, 15] The thermodynamic properties, plateau pressures and temperatures for these hydrides are tabulated in Table 4 . The operating curve of the H 2 storage in the hydride bed is shown in Fig. 5 . Heat of reaction H (kJ/kg) 76000 51000 H 2 is fed into the reactor at an inlet pressure of 25 bar (1). The metal is charged with hydrogen from the -phase to the -phase during 12 hours of charging at a temperature of the isotherm corresponding to the equilibrium pressure (2). The heat released during the reaction is transferred to the thermal fluid and released in the steam cycle to produce power. Sensible heat is continuously provided by the thermal fluid from the steam cycle during 12 hours of discharging to increase the temperature in the bed to the discharging temperature (3). The metal hydride is discharged during 12 hours of unloading at a temperature of the isotherm corresponding to the equilibrium pressure. Heat required for the reaction is provided by the thermal fluid heated by flue gases (4). H 2 is released from the reactor at a pressure of 25 bar and fed to the gas turbine combustor (5).
Modeling approach
The hydrogen storage unit has been modeled with a purely thermodynamic approach. Fig 6. shows the ASPEN flowsheet for the H 2 charging mode (exothermic). A heater block H2REAC is used to calculate the sensible heat required to heat the metal hydride bed to the required operating temperature. Heat released during the charging process due to the reaction of the metal with H 2 is added to this sensible heat and transferred to the heater block HEAT1. The thermal fluid is used transfer this heat to the steam system (heat exchanger HET). The equilibrium temperature of the hydride is calculated using the Van't Hoff relation between the equilibrium pressure and temperature. A pressure loss at the H 2 feed side has also been assumed to calculated the equilibrium temperature. The flow rate of the thermal fluid is calculated based on a temperature approach of 10 o C between H2REAC and HEAT1. A similar approach is used to calculate the sensible heat required to release H 2 from the hydride discharging. The reaction heat is added to the sensible heat and the total heat required for discharging is obtained from the heat exchange with the hot flue gas from the GT combustor. The H 2 rich gas produced from the SEWGS unit consists of a reasonably high amount of moisture (about 25% mol) and low amounts of CO 2 (<1%). There are different methods/technologies to carry out this separation in practical terms, like pressure swing adsorption, cryogenic recovery, Pd based membranes etc. The metal hydrides selected in this work i,e. MgH 2 and Na 3 AlH 6 have been selected only based on thermodynamic requirements. Performance of these hydrides in reality is reduced due to presence of moisture and other contaminants. The H 2 purification system was not modeled in this study and a simple separator model was used to separate moisture and CO 2 ; yielding pure H 2 to be stored. The effect of including a model for H 2 purification on the system performance needs to be further investigated.
Results & Discussion
The operating load curve based on the simulations is shown in Fig. 7 . and the results obtained from the simulations have been tabulated in Table 5 . The operating load curve shows a slight deviation with the assumed load profile. If the power demand during the discharging mode is considered as peak load (100%), it is seen that the base load is somewhat lower (<75%) and the off-peak load during charging is much lower than 50%. This variation from the assumed load profile is due to assumed split percentage (50%) of the H 2 rich gas to the storage unit. In order to achieve off-peak load at exactly half of the base load, this split fraction needs to be optimized. The operating load curve still shows that metal hydride based hydrogen storage could be an option to manage load fluctuations in NGCC plants.
The reference case without any CO 2 capture gives a net plant efficiency (electrical) of about 59.9% which is slightly higher than that mentioned in the EBTF document as pressure losses were not taken into account. It is still a sufficiently accurate basis for the assessment of integrating MH based H 2 storage. The net power output from the system is about 430MW. Process input includes the net power required in HP/MP/LP pumps which amounts to 1.5 MW. In order to make a comparison between the different cases, the total input of natural gas was maintained constant. For the systems with capture and hydrogen storage, additional expanders are used:
(i) Natural gas turbine which is used to expand the inlet NG flow from 70 to 25 bar (ii) Steam turbine for the purge stream (SEWGS) to expand steam from the HP outlet pressure to 1.1 bar (iii) Steam turbine for the GHR-ATR steam inlet to expand steam from the HP outlet pressure to 25 bar Fig. 7 . Operating Load curve with power output during discharging as peak load
The net power output from these expanders has been shown in Table 5 . as the net process output; this output remains the same in all cases as the fuel input remains the same. Process input in the systems with capture and H 2 storage is higher than the reference case due to the CO 2 compression, oxygen compression and the ASU power consumption which has been calculated as suggested in the EBTF document.
For the MgH 2 system, a net power output of 176MW is obtained during charging and 501MW during discharging. The gas turbine output is exactly half of the case only with capture during charging while its double during discharging. This allows for an operating strategy where one gas turbine in operated in off-peak hours and two gas turbines in peak-hours, both at full load. The steam turbine output during charging is higher (20MW higher than the expected 50MW) due to the additional HP steam generation by heat integration. During discharging, there is only slight increase in the steam turbine output as compared to the capture case due to the use of the flue gases directly in the thermal fluid heater. Efficiencies of the systems were evaluated based on two definitions: The electrical efficiency ( elec ) has been defined considering only electricity as the product (4) (5) An average efficiency ( avg ) is also defined as a time based average (12 hours charging and 12 hours discharging): (6) where P net , Q in and Q H2 are the net power output, input and the heat content in the stored/released H 2 stream respectively. Q H2 remains the same (about 328MW) in both charging and discharging modes for both the metal hydrides. The carbon capture ratio (CCR) is evaluated across the SEWGS unit and is defined as: (7) The system with only CO 2 capture but no H 2 storage gives a net electrical efficiency of 48.1% which is much lower than that reported in literature [7] . The carbon capture ratio (CCR) is 0.952. Loss in efficiency is particularly due to the use of an O 2 blown GHR-ATR with additional power consumption in the ASU and O 2 compressor. With introduction of H 2 storage using a high temperature metal hydride (MgH 2 ) it is seen that the electrical efficiency as defined in Eqn 4 and Eqn 5. is about 45% during charging and 48% during discharging. With a medium temperature hydride (Na 3 AlH 6 ) it can be seen that a slightly higher electrical efficiency is achieved during discharging but a lower efficiency during charging. The difference in the efficiency values during charging and discharging can be attributed to the heat/power demand in the GHR-ATR, SEWGS and the CO 2 unit. The heat/power demand in the GHR-ATR, SEWGS and CO 2 unit remains the same during charging and discharging due to a constant fuel input. In order to fulfill this heat/power demand, a lower net power output is achieved in the charging case in spite the additional steam generation by the thermal fluid cooler. During discharging, additional hydrogen is fed in to the gas turbine cycle which leads to higher power output. The additional power output delivered, even with the heat transfer to the thermal oil heater leads to a higher electrical efficiency during discharging. A difference is also observed in efficiencies in the charging/discharging mode between the MgH 2 and Na 3 AlH 6 systems due to the difference in reaction enthalpies H between the hydrides (See Table 4 .).
The system delivers two products -electrical power and H 2 . Hence analyzing the system only with an electrical efficiency is not appropriate. The system has been also analyzed with a time based (for 1 day) average efficiency (Eqn 6). From Table 5 . it can be seen that both the MgH 2 and Na 3 AlH 6 system give an average efficiency of about 47.0% which is very comparable to the shows that in order to achieve the desired pinch in the HP/MP/LP evaporators of the HRSG, there is reduction in the amount of MP and almost no production of LP steam. This becomes a major constraint in the system operating with a high temperature hydride. Also it can be seen that another constraint i,e an elongated pinch region is obtained in the economizer section of the HRSG where water is heated to the saturation temperature. The elongated pinch will result in a larger length of tubes in the heat exchanger which is not desirable. Fig 8b shows the composite curves for the discharging mode in the MgH 2 system. As the flue gases have been utilized to provide the required reaction heat, the diagram gives a clear indication of the different pinch achieved in the evaporators and the thermal fluid heater.
Fig 9a, shows composite curves for the HRSG and the thermal fluid cooler during the charging mode in the medium temperature Na 3 AlH 6 system. As it can be seen, contrary to the high temperature MgH 2 system, the economizer pinch region is small and thus this becomes a more practical system. Fig 9b shows the composite curves for the discharging mode in the Na 3 AlH 6 system. A much higher pinch can be seen for the HP evaporator due to the fact that the flue gases at high temperature (TOT) have been directly used to provide the required heat to the thermal fluid at a relatively low temperature. a b 
Conclusions
A thermodynamic system study has been presented for a NGCC system with precombustion CO 2 capture and metal hydride based H 2 storage. The study has been performed with three ASPEN Plus steady state system models -a reference case NGCC without capture and H 2 storage, a NGCC system model with pre-combustion capture utilizing a gas heated reformer-auto thermal reformer (GHR-ATR) and SEWGS and lastly a NGCC system with both capture and metal hydride based H 2 storage. Separate models have been developed for the charging and discharging modes for the metal hydride. Results have been presented for both a high temperature hydride (MgH 2 ) and a medium temperature hydride (Na 3 AlH 6 ). The reference case NGCC model gives a net plant efficiency (electrical) of about 60%. A net plant efficiency of about 48 % was achieved for the system with CO 2 capture showing the reduced thermodynamic performance. Addition of H 2 storage in this system shows that such plants can be still operated at comparable time based average efficiency of about 47% with an appropriate heat integration in the system. Heat released during charging is utilized to generate HP steam for the high temperature MgH 2 system and LP steam for medium temperature Na 3 AlH 6 system while flue gases from the gas turbine outlet is utilized to provide heat for the discharging mode in both systems. Operating the metal hydride at different temperatures does not reflect reduction in efficiency but has significant implications on the steam production in the HRSG. A lower equilibrium temperature for the metal hydride seems more beneficial particularly for the economiser in the HRSG. Inspite of additional steam generation during H 2 storage, a reasonably good operating load curve is obtained based on the simulation results and it is concluded that such systems could be used to manage load fluctuations in NGCC plants with pre-combustion CO 2 capture. Investigations are required further in the detailed design of a heat integrated system capable of operating in both modes of operation, resistance of metal hydrides against moisture, CO 2 etc. and lastly an economic assessment based on the heat and mass balances developed in this study.
